ABSTRACT In this paper, a new quadruple-mode stepped-impedance square ring loaded resonator (SI-SRLR) is proposed, and a high-performance dual-band differential bandpass filter (BPF) is developed. Resonant characteristics of the SI-SRLR are investigated by the even-/odd-mode method and simulation techniques. Two differential-modes (DMs) of the SI-SRLR are used to form the dual differential passbands. The admittance ratio K of the SI-SRLR is chosen appropriately to prevent the common-mode (CM) interference with DM operations. Moreover, an open-circuited stub is added to enhance the CM suppression, while a source-load coupling is introduced to produce multiple transmission zeros and improve significantly the frequency selectivity of DM passbands. Finally, a dual-band differential BPF is designed, fabricated, and measured. Good agreement between the simulated and measured results verifies well the proposed structure and design method.
I. INTRODUCTION
Differential BPFs are widely used in modern communication systems for their good common-mode (CM) rejection capability, which results in higher immunity to the environmental noise and electromagnetic interference as compared with their single-ended counterparts [1] . So far, many differential BPFs have been developed by using coupled lines [2] or coupled resonators [3] , [4] . For coupled-line based differential BPFs, all-stop type coupled-lines are often constructed in CM equivalent circuits to stop the CM transmission [2] . For differential BPFs using coupled-resonators, bi-and tri-section stepped-impedance resonators can provide enough freedom in obtaining differential-mode (DM) and CM characteristics of the BPFs [3] , [4] . Although performing extremely well, these differential topologies are only suitable for single-band operations.
With the continuous appearance of various wireless equipments having multi-functional services, multi-band differential BPFs are highly desired. For dual-band operations with good in-band CM suppression, differential dual-band BPFs were introduced based on coupled stepped-impedance resonators (SIRs) [5] - [7] and center-loaded half-wavelength resonators [8] - [10] . To improve the CM suppression, extra additional terminating microstrip lines [5] , [9] , [10] or surface-mounted devices (SMDs) [6] - [8] were loaded to some of the resonators. By tuning the electrical lengths of open stubs or the values of lumped elements, the CM rejection level can be well optimized. Differential dual-band BPFs are developed by multimode resonators with inherent bandstop characteristics, such as the usage of the asymmetrical coupled-lines in [11] , open/short-ended coupled SIRs in [12] , multimode slotline resonators [13] , [14] and modified coupled-embedded resonators [15] . These designs have the advantage of good CM suppression without any additional loaded elements but need multi-layer process and complicated design. Some other novel methods have also been proposed to design differential dual-band BPFs, such as using doubly short-ended half-wavelength resonator in coupledline structure [16] , substrate integrated waveguide (SIW) technology [17] , [18] , varactor-and stub-loaded dumbbellshaped resonator [19] , or quad-mode stub-loaded twin-ring resonator [20] . Although good DM transmission are achieved in these reports, these designs suffer from large circuit sizes because of the cascaded multiple resonators or the CM suppression needs to be improved. In all, the study on differential dual-band BPFs is in progress, but still limited.
Recently, a quadruple-mode square ring loaded resonator (SRLR) is proposed for multi-band filter design [21] . All line widths of SRLR are assumed equal for analysis simplicity, resulting in a limitation of design freedom. To improve the design flexibility, an additional open stub loaded on the center of square ring in [22] or disperse technique used in [23] are conducted. Nevertheless, a favorable frequency disparity between two adjacent even-mode and odd-mode of the afore-presented resonators is not easy to achieve, which is disadvantaging to construct a differential filter with a desired CM suppression.
In this paper, a quadruple-mode stepped-impedance SRLR (SI-SRLR) is proposed, and a compact dual-band differential BPF is developed. The operating mechanism of the proposed SI-SRLR is analyzed by both theoretical and parametric studies based on the even-/odd-mode method and EM full-wave simulations. It is found that the frequency separation of DMs and CMs can be enlarged by changing the admittance ratio K of the SI-SRLR, and a suitable value of the ratio can be determined for desired differential passbands and good CM suppression. To further suppress the transmission of CM signals, an open stub is loaded at the symmetric plane of SI-SRLR to misalign the two CM resonances without affecting the DM responses. Besides, a source-load coupling is introduced to produce multiple transmission zeros (TZs) at the two sides of both passbands and realize thereby high frequency selectivity. The analysis of SI-SRLR and the design details of the filter are given in sections II and III, respectively. The simulated and measured results of the filter show superior performance and are given in section IV.
II. ANALYSIS OF THE PROPOSED QUADRUPLE-MODE SI-SRLR A. CONFIGURATION AND EQUIVALENT CIRCUIT OF SI-SRLR
The configuration of the proposed microstrip quadruplemode SI-SRLR is depicted in Fig. 1 . It consists of a one-wavelength stepped-impedance ring resonator loaded with two open-circuited stubs, which is different from the one-wavelength uniform-impedance ring resonator adopted in [21] - [23] . L 1 to L 3 and w 1 to w 4 denote the physical lengths and widths of the corresponding microstrip line segments, respectively. In light of the demonstrations in [23] , the equivalent transmission line model (TLM) of the proposed SI-SRLR is also built for property analysis. TLM is shown in Fig. 2(a) . This circuit consists of six transmission-line sections, with corresponding electrical lengths and characteristic admittances as θ 1 , 2θ 2 , θ 3 , and Y 1 , Y 2 , Y 3 , Y 4 , respectively. Here, θ 1 = βL 1 , θ 2 = βL 2 , θ 3 = βL 3 , and β is the propagation constant of the microstrip line.
B. CHARACTERISTICS OF DM AND CM BISECTION
Since the circuit in Fig. 2(a) is a symmetric structure, it can be readily analyzed by using the well-known even-and odd-mode method, as conducted in [23] . In the case of even-mode excitation, the symmetrical plane of the circuit is an electrical wall (E.W.), and the circuit is simplified as shown in Fig. 2(b) . For the odd-mode excitation, the symmetrical plane is a magnetic wall (M.W.), and the simplified circuit is given in Fig. 2(c) .
The input admittance of the DM or CM equivalent circuit, Y in,DM or CM , can be derived as
where
(2) VOLUME 6, 2018 From the resonant condition of Y in,DM or CM = 0, the DM and CM resonant frequencies can be deduced as follows:
For simplification, let Y 1 = Y 3 = Y 4 , θ 1 = 2θ 2 , and define K = Y 2 /Y 1 . Thus, (3) can be reformulated as
It is obvious from (4) that both the DM resonant frequencies and the CM resonant frequencies can be varied by changing the electrical lengths θ i (i = 1, 2, and 3) and the admittance ratio K . The typical frequency responses of the SI-SRLR with different values of the admittance ratio K are drawn in Fig. 3 , which are obtained by using the Agilent ADS simulator. In the simulation, θ 1 and θ 3 are chosen as 60 • and 17 • , respectively, at 2.2 GHz, and Y 1 is 0.01 S. It is seen from Fig. 3 , four resonant modes of SI-SRLR are observed, including two DM modes at f d1 and f d2 , and two CM modes at f c1 and f c2 . As K increases, the frequencies of the two DM increase, while the two frequencies of CM reduce. We define 1 = |f d1 − f c1 | and 2 = |f d2 − f c2 |, indicating the frequency separation between the two pairs of DM and CM modes. In Fig. 4 , we show the variation of 1 and 2 against the admittance ration K . As can be seen, with the increase of K , 1 decreases while 2 increases. This means that the frequency separation between the two pairs of DM and CM modes can be adjusted by changing K .
In the design of differential BPF by using multimode resonator, DMs and CMs are always excited simultaneously. If the CM resonant frequency approaches close to the DM frequency, the CM will interfere with the DM, thereby degrading the performance of the differential system [9] , [19] . Thus, a large frequency separation between two adjacent DM and CM is highly desired for good DM response and deep in-band CM suppression. As shown in Fig. 4 , when a small K is chosen, we can get a big 1 but 2 is very small, and vice versa. When K = 2, a balanced frequency separation of the two pairs of DM and CM frequencies can be obtained. The corresponding 1 and 2 is 0.9 (|2.6 -3.5|) GHz and 0.89 (|4.9 -5.79|) GHz, respectively, as shown in Fig. 4 . The simulated result of the SI-SRLR TLM by ADS simulator under weak excitation is portrayed the red dashed-line in Fig. 5(b) . 
III. DESIGN OF THE DUAL-BAND DIFFERENTIAL BPF
In this part, the SI-SRLR is employed to design a dual-band differential BPF with two passbands centered at 2.6 GHz and 5.8 GHz, respectively. Based on the analysis in section II, the dimensions of the quadruple-mode resonators are determined first. Next, the coupling between the feed line and the SI-SRLR and the coupling between two SI-SRLRs are investigated. At last, the source-load coupling method for producing TZs and the CM frequency dispersion technique for noise reduction are applied to improve the performance of both DM response and CM suppression.
A. DESIGN OF THE SI-SRLR
As concluded from Fig. 4 , the admittance ration K of the SI-SRLR is chosen as 2 for obtaining the balanced frequency separation between the two pairs of DM and CM frequencies. separation between the two pairs of DM and CM frequencies. The other electrical parameters are kept the same as those used for Fig. 3 , i.e., θ 1 = 60 • and θ 3 = 17 • at 2.2 GHz, and Y 1 = 0.01 S. Y 2 is then 0.02 S as K = 2 and Y 1 = 0.01 S. The substrate Taconic RF35 with a relative dielectric constant of 3.5 and a thickness of 0.8 mm is used in this paper. From the above electrical parameters, and by using the commercial electromagnetic software Sonnet em, the geometrical dimension of the SI-SRLR are obtained and are shown in Fig. 5(a) . Its EM simulated frequency response under weak excitation is depicted as the blue solid line in Fig. 5(b) . It can be obtained from figure that the simulated frequency separations 1 and 2 are 0.85 (|2.61 -3.46|) GHz and 0.85 (|4.94 -5.79|) GHz, respectively. The discrepancies of resonant frequencies and its separations between the EM simulation and the TLM calculation are attributed to the parasitic effects in EM modeling, which are ignored in the TLM. 
B. DESIGN OF THE DUAL-BAND DIFFERENTIAL BPF
In this part, a second-order dual-band differential BPF is designed based on the previous design of the quadruple-mode SI-SRLR. Fig. 7(a) presents the geometrical structure of the designed dual-band differential BPF with two coupled SI-SRLRs. For size reduction, the openstubs of the SI-SRLR are folded. The two passbands having Chebyshev response with 0.04321-dB ripple level are specified at 2.6 GHz and 5.8 GHz. The corresponding desired fractional bandwidth (FBW) is 4.12% and 1.5%, respectively. The coupling scheme of the BPF under DM operation is depicted in Fig. 7(b) , where nodes S and L denote input and output ports, respectively. Nodes DM 1 and DM 2 represent the two DMs of SI-SRLR at fd 1 and fd 2 . There are two coupling paths, each coupling path forms a DM passband. The lumped circuit elements of the low-pass prototype filter are found to be g 0 = 1, g 1 = 0.6648, g 2 = 0.5445, and g 3 = 1.2210 [24] . Based on (5) and (6), the required coupling parameters shown in Fig. 7(b) 
From the above external Q values and coupling coefficients, we determine the dimensions of both the feed VOLUME 6, 2018 line structure and the internal coupling space between two SI-SRLRs, using the simulator Sonnet em. As shown in Fig. 8(a) , microstrip parallel-coupled lines are chosen as the feeding structure in this design. The line width and coupling gap are denoted as w f and g 1 , respectively. Fig. 8(b) plots the computed variation of the external Q values, Q I e for the first passband and Q II e for the second passband, versus the coupled-line length L f when w f = 0.2 mm. Note that a strong I/O coupling leads to a small external quality factor of a resonator [24] . So, it is seen that Q I e decreases monotonously as L f increases. While for Q II e , it decreases at first as L f increases when L f is smaller than 7 but then increases monotonously when L f is larger than 7. The difference of the variations for two Q e is attributed to the different voltage distributions of two DM resonances on the open-circuited stubs, as indicated in Fig. 6 . Also, it can be observed that as the coupling gap g 1 increases, the external Q values of both passbands becomes larger. Because a larger coupling gap results in a weaker I/O coupling. From Fig. 8(b) , the L f and g 1 are determined as 9.3 mm and 0.2 mm, respectively, for the designed filter. Figure 9 (a) shows the configuration of two coupled SI-SRLRs, in which C d and L 12 are the coupling distance and length to adjust the total coupling strength. It should be noted that the sum of L 11 and L 12 should be remained a constant in order to keep the resonant frequency unchanged. Fig. 9 (b) provides the computed variation of coupling coefficients, M I 12 for passband I and M II 12 for passband II, versus the coupling space C d . It can be seen that the coupling coefficients of both passbands decrease monotonously as C d increases or L 12 decreases. From Fig. 9(b) , the C d and L 12 are determined as 0.9 mm and 4 mm, respectively, for the designed filter. The remained geometrical dimensions in Fig. 7(a) are obtained after optimizing the frequency response of the filter using Sonnet, and these are: L 11 = 8.7 mm, L 2 = 13.8 mm and L 3 = 6.1 mm. With these geometrical parameters, the frequency response of designed dual-band differential BPF is simulated and depicted in Fig. 10 . The simulated two DM passbands are centered at 2.6 and 5.8 GHz, and their corresponding FBW is 4.13% and 1.51%, respectively, which agree well with the desired specifications. Two reflection zeros are observed in both passbands and the return losses are better than 20 dB. The insertion losses of two passbands are 0.2 dB and 0.5 dB, which are mainly attributed to the dielectric loss (loss tangent is 0.0018).
In view of the CM response, it is seen that the minimum CM suppression is 40 dB within the first DM passband and 15 dB within the second DM passband. Besides, there is a CM resonance peak between the two passbands. Therefore, the CM suppression should be increased. In addition, improvement of the selectivity of the two DM passbands is also wanted.
As shown in Fig. 7(a) , the differential BPF has two identical SI-SRLRs, which have thereby identical DM and CM resonances. As a result, when DM resonances are well coupled to form the desired differential passbands, the CM noise will also be transmitted from the input to output by the built CM coupling path, thus incurring poor CM rejection.
As studied in [6] and [12] , the frequency discrepancy technique by separating the CM resonances in adjacent resonators is an effective method to block the transmission of CM signals. As illustrated in Fig. 6 , it is obtained that the voltage on the center segment of resonator at two DMs are both near to null, while the voltage at CMs are strong, especially on the high-impedance line segment. Therefore, the CM resonances will be shifted by inserting loaded elements at the symmetric plane while the DM resonances will be affected little. As shown in Fig. 11(a) , an open stub with a length S L and a width S w is loaded at the center of the left SI-SRLR to shift its CM resonances. Then, the CM coupling between the left and right SI-SRLRs will be weaken, and the CM transmission will be reduced.
To enhance further the CM suppression within the DM passbands and improve the selectively of DM passbands, two short microstrip lines with a length L SL and a width w SL are added closely to the input and output feed lines, as shown in Fig. 11(a) . Fig. 11(b) depicts the coupling scheme of the improved filter under DM excitation. Compared with the coupling scheme in Fig. 7(b) , the coupling M SL between the source and load is introduced, which provides an additional transmission path. Based on the theory of transversal signal interference, multiple TZs will be produced and improve thereby the frequency selectivity of the BPF [23] .
In addition, the introduced source-load coupling has also influence on the CM response as it changes the locations of TZs or produces new TZs under CM condition. With appropriate choice of the coupling strength, the CM TZs can be tuned to or produced at frequencies within the DM passbands, which will enhance significantly the CM rejection in the DM passbands. The parameterization and optimization tools of Sonnet are utilized to speed up the design process. After fine tuning, the dimensions for the loaded stub and the source-load coupling lines are finally determined as follows: S L = 5.9, S w = 0.4, L SL = 5.1, w SL = 0.2, and g 2 = 0.25 (unit: mm).
IV. MEASURED RESULTS OF THE DIFFERENTIAL BPF
To verify the above design and the performance of the filter, the circuit shown in Fig. 11(a) is fabricated, and its photograph is shown in Fig. 12 . The overall size (excluding the feed lines) is 18.2 mm × 24.0 mm, about 0.26 λ g × 0.34λ g , where λ g is the guide wavelength at 2.6 GHz. The filter measurement is executed on a four-port vector network analyzer, Agilent E5071C.
In Fig. 13 the simulated DM response is drawn by blue solid lines. Apparently, four DM TZs, located at 1.9 GHz, 3.78 GHz, 5.3 GHz, and 6.15 GHz, are located in the vicinities of the passbands, which highly improve the selectivity of two DM passbands. The simulated CM response is depicted in red solid line. It is observed that the minimum CM suppression within the DM passband are 60 dB for the first passband and 45 dB for the second passband. The dashed lines in Fig. 13 represent the measured responses of the filter, which agree reasonably with the simulated data. For the DM responses, the measured first and second passbands are centered at 2.58 and 5.79 GHz, respectively, with corresponding 3-dB frequency ranges of 2.44 -2.71 GHz and 5.68 -5.89 GHz. The measured minimum insertion losses are 1.1 dB and 2.1 dB for the first and the second passband, respectively. Four TZs, located at 1.8 GHz, 3.77 GHz, 5.3 GHz, and 6.17 GHz, are observed and improve significantly the passband selectivity. For CM response, the measured minimum CM insertion losses within the DM passbands are 62 dB for the first passband and 48 dB for the second passband, which show a good CM suppression level within DM passbands. Besides, CM suppression over 1 to 8 GHz is better than 15 dB. Deviations between the simulated and measured results are mainly due to the fabrication tolerance and the parasitic effects from the solder connections. Moreover, the comparison of proposed dual-band filter with other differential dual-band filters is summarized in Table 1 . It is seen that the proposed differential filter outperforms the works in [7] and [9] in terms of the CM rejection and the selectivity of DM passbands. Also, the circuit size is found to be competitive when compared with the other designs.
V. CONCLUSION
In this paper, a novel dual-band differential BPF is developed based on the proposed quadruple-mode SI-SRLR. DM and CM characteristics of the SI-SRLR are analyzed by the evenand odd-mode method. The admittance ratio K of SI-SRLR is used to obtain balanced frequency separations of two pairs of DM and CM resonances, which is important to prevent the interference between DM and CM resonances. Furthermore, stub-loading and source-load coupling techniques are applied to improve the CM suppression in a wide frequency range and enhance the frequency selectivity of DM passbands. The designed dual-band differential BPF has the advantages of small size, high performance DM passbands, and large CM suppression over a wide frequency range, which are attractive in the applications for differential multimode and multiband communication systems. In 2012, he was a Senior Researcher Associate with the School of Electrical and Electronic Engineering, City University of Hong Kong, Hong Kong. Since 2013, he has been a Visiting Scholar with the School of Electrical and Electronic Engineering, Nanyang Technological University, Singapore. In 2016, he became a Professor with East China Jiaotong University, Nanchang. His current research interests include radio frequency and microwave passive circuits and system, synthesis theory and realization of microwave filters, and antennas for wireless communications.
